Abstract-The surface chemistry and nanotopography of poly(ethylene terephthalate) (PET) was successfully modified by marine bacteria, indicating the initial stages of biodegradation. PET surfaces became rougher relative to the control surfaces in the presence of bacterial communities regardless of whether they were primarily phototrophic or heterotrophic. Only surfaces exposed to primarily heterotrophic bacteria, however, changed significantly in surface chemistry; these samples showed a decrease in oxygen groups across the surface. The results seem to indicate two different mechanisms of PET degradation depending on whether the bacterial community is primarily phototrophic or heterotrophic.
INTRODUCTION
Accumulation of plastic debris in the world's oceans is a major environmental issue. As well as the very visible and obvious appearance of plastic debris on beaches [1] , in some parts of the open ocean there are six times more plastic particles than plankton, by mass [2] . Plastics are generally cheap, widely used and durable, which leads to their accumulation in the environment [3] . Such plastic build-up in the ocean causes several serious environmental and economical concerns [6] .
Currently, there are three main plastic disposal strategies in use: landfill, incineration and recycling, and all have significant drawbacks [5] . Landfill and incineration release dangerous secondary pollutants into the groundwater and atmosphere and recycling of most plastics is a relatively inefficient and expensive process, made more difficult by the presence of various additives and impurities [5] .
Biodegradation by bacteria is an attractive alternative plastic disposal method. Bacteria have high metabolic adaptational potential [7] and some strains are known to be able to degrade petroleum hydrocarbons [8] . If bacteria can be successfully encouraged to utilise plastic polymers such as poly(ethylene terephthalate) (PET) as carbon and energy sources, it may lead to the development of a more environmentally friendly and inexpensive plastic disposal procedure.
This work aims to assess the ability of marine bacteria to alter the surface chemistry and nanotopographical structure of PET films over a long incubation period. It is intended that the information gathered in this study will give an insight into the initial stages of PET biodegradation.
II. MATERIALS AND METHODS

A. PET/Bacteria Incubation Conditions
Reaction vessels containing 20 pieces of approximately 1 x 1 cm 2 sterilised PET film (Mylar®, DuPont Teijin Films) and 100 mL of seawater collected from St. Kilda beach, Melbourne, Australia, on December 10, 2008 were incubated at room temperature over a period of eight months. Over the incubation period, the PET films were exposed to bacterial activity. Triplicate incubations were maintained for each condition, namely light exposed and dark samples, which resulted in bacterial communities that were composed primarily of phototrophic or heterotrophic strains respectively. A control set was also prepared, in which the seawater was initially sterilised by autoclaving. At the end of the incubation period, individual PET pieces were removed and cleaned by sonication in preparation for chemical and nanotopographical analysis.
B. Surface Chemistry Analysis
Chemical analysis of the surface was carried out by X-ray photoelectron spectroscopy (XPS), using a Kratos Axis Ultra DLD spectrometer (Kratos Analytical Ltd., U.K.). A monochromated Al Kα source (hv = 1486.6 eV) was used, operating at 150 W. Survey scans were first obtained over an energy range of 0 -1400 eV to identify major elemental contributions, before recording high-resolution spectra of the C1s and O1s peaks.
C. Nanotopographical Analysis
Atomic force microscopy (AFM) was performed to assess nanotopography of PET surfaces. A Solver P7LS device (NT-MDT Co.) and a silicon cantilever (NSC05, NT-MDT Co.) with a spring constant of 10 N/m were used. Scanning was performed in semi-contact mode. AFM imaging of bacteria was also performed, on an Innova SPM (Veeco), using a silicon tip with a spring constant of 40 N/m, in tapping mode.
III. RESULTS
A. Elemental Analysis of the PET Surfaces
XPS survey spectra ( Figure 1 ) revealed changes in the PET surface, but only on heterotrophic samples. Relative to the total amount of carbon, the amount of oxygen on the surface of heterotrophic samples decreased. Sodium was also detected on heterotrophic surfaces, whereas no sodium was detectable on either the control or phototrophic samples. Figure 1 . XPS survey scans of (A) control PET surface, (B) PET surface exposed to phototrophic bacteria, and (C) PET surface exposed to heterotrophic bacteria. Of particular interest is the decrease in oxygen relative to carbon in spectrum (C), shown by the O1s and C1s peaks indicated.
B. Chemical Analysis of the Surface
High-resolution scans of the C1s and O1s peaks (Figure 2 ), together with calculation of the contributing chemical components confirms changes occurred on PET surfaces kept in the dark (Table I) . Heterotrophic surfaces showed a decrease in the ester groups that are part of the polymer chain while carbonyl groups increased by more than a factor of 10, relative to the control. Additionally, an extra component was detected in the O1s spectrum of the heterotrophic sample that likely corresponds to hydroxide ions. Figure 2 . High-resolution scans and component fitting of the C1s and O1s peaks from the XPS spectra of (A) control PET surface, (B) PET surface exposed to phototrophic bacteria, and (C) PET surface exposed to heterotrophic bacteria. No change was detected in the C1s spectra, but in the O1s spectrum of (C), the peak on the left has decreased relative to the one on the right, and an additional, smaller peak is also present. C. Surface Nanotopography Three-dimensional representations of PET surfaces from each of the experimental conditions are shown below in Figure  3 . Bacteria -surface interaction followed by bacterial attachment and plastic degradation appears to have made the surface rougher, in both the light and dark conditions. The average roughness, inset, confirms that the surfaces have become rougher. Figure 3 . Three-dimensional reperesentations and typical cross-sectional profiles of control PET surface (top), PET surface exposed to phototrophic bacteria (middle), and PET surface exposed to heterotrophic bacteria (bottom).
IV. DISCUSSION
XPS analysis indicates that of both the experimental conditions, only the PET surfaces exposed to heterotrophic bacteria underwent a significant change in surface chemistry. Overall, oxygen atoms on the PET surface have decreased in number, and while the proportion of double bonded oxygen has remained the same, there has been a shift away from single bonded oxygen to hydroxide ions. It appears that some of the single bonded oxygen species has been converted to hydroxide ions by the bacteria present in the sample. Presumably, as the oxygen atoms participating in the ester bonds of the polymer molecules are being removed, the polymer chains are being cleaved, the first step in biodegradation.
Changes to the PET surfaces were also detected by AFM. Surfaces from both the heterotrophic and phototrophic conditions became significantly rougher in comparison to the control surface. The increased roughness of the heterotrophic surface is probably a result of the altered surface chemistry. The cause of the increased roughness of the light exposed surface however is less obvious. One explanation may be degradation of the surface by a different mechanism. As there is no change in the surface chemistry, it is unlikely that the increased roughness is due 'addition' of anything to the surface by the bacteria. This means that the bacteria are probably 'removing' portions of the surface, which degradation is occurring. If this is the case then the presented data indicates that phototrophs and heterotrophs possess separate metabolic pathways for the degradation of PET.
As the chemical and nanotopographical modifications to the surfaces occurred in the presence of bacteria, it is highly likely that the bacteria are responsible for those changes, and any hydrolytic degradation effects arising from immersion in seawater can be discounted. Additionally, interactions between cells and the polymer surface are known to occur, as the bacteria that were isolated from the experiment were found to successfully attach the polymer surface (data not shown).
V. CONCLUSIONS
The above data suggests that the potential to degrade PET does exist among marine bacteria. It also appears that at least two metabolic mechanisms exist that serve this purpose, depending on whether phototrophic or heterotrophic bacteria are the primary members of the bacterial community. Heterotrophic bacteria appear to cleave polymer chains by converting the oxygen atoms participating in the ester bonds of polymer chains into hydroxide ions. The mechanism employed by phototrophic bacteria is less clear, however it is evident that in order to excise pieces of PET polymer chains they do not need to permanently modify the surface chemistry. Further study needs to be conducted to characterise these mechanisms and identify their differences. Also, by quantifying the rate of degradation of each of these mechanisms, the faster of the two can be selected as a possible candidate for development of an alternative large-scale plastic waste disposal procedure.
